ABSTRACT: We measure the forces confining the displacement of a single DNA molecule embedded within a concentrated solution of long relaxed circular DNA molecules (115 kbp at 1 mg/mL) using optical tweezers. We compare these measurements with our previous measurements of forces imposed by entangled linear DNA molecules of the same length and concentration. A tube-like confining field and three relaxation modes were observed, but the tube radius was 25% smaller (=0.6 µm) and the longest relaxation time ∼3 times shorter (=11 s) than with linear molecules, consistent with recent theoretical predictions by Iyer, Lele, and Juvekar. For displacements greater than the tube radius, the confining force imposed by circular polymers was substantially lower and shorter range than that measured with linear polymers.
Introduction
Intermolecular entanglements exert strong effects on the molecular dynamics and bulk fluid properties of concentrated polymer solutions. The reptation model, developed by de Gennes, Doi, Edwards, and others, has been essential in understanding such effects, especially as applied to linear polymers. [1] [2] [3] Circular polymers, such as DNA, present a more puzzling case, however. Their configurations and entanglements are less well understood, and it is not clear to what extent reptation theory applies. The key assumption of reptation theory is that entanglements act on short time scales to confine each molecule in a tube-like region tangent to its contour. While linear polymers can diffuse either head-or tail-first out of their tubes, forming new displaced tubes, circular polymers have no ends by which to escape tube constraints by conventional reptation.
Studies of synthetic circular polymers have, in some cases, found substantial differences in physical properties such as molecular diffusion and fluid rheology, as compared with linear polymers. [4] [5] [6] [7] [8] [9] [10] However, a consensus understanding of the existing data has not been reached. In the case of DNA, we recently measured diffusion coefficients for entangled linear and relaxed circular molecules by tracking the Brownian motion of single molecules with fluorescence microscopy. 11 We found that the scaling of the diffusion coefficient with concentration and length was consistent with the reptation model for both topologies, but relaxed circular DNA diffused up to 7 times faster than linear DNA of the same length and concentration (45 kbp at 1 mg/mL). Thus, relaxed circular DNA appears to be less effective than linear DNA at producing restrictive entanglements.
We recently developed a method for directly measuring the intermolecular forces imposed by entangled DNA molecules using optical tweezers. 12 Our initial studies only examined linear molecules. Here, we extend this method to study entangled circular molecules and report significantly different results than with linear DNA. In our technique, a stretched probe molecule is displaced within an entangled DNA solution while measuring the induced force ( Figure 1 ). In our studies with linear DNA, the force opposing displacement parallel to the probe molecule was found to be negligible, but we measured a significant transverse force. We found that the transverse confining potential per unit length was roughly 1 kT at a displacement distance similar to the theoretically predicted tube radius, in accord with predictions of recent molecular dynamics simulations. 13 We also found that the effective tube radius increased with time, also in agreement with the simulations. 13 In addition, we measured the force relaxation and observed three relaxation modes. The shortest relaxation time corresponded to the calculated Rouse time (τ R ) and the longest to the calculated disengagement time (τ D ) in the Doi-Edwards (D-E) model. 2 An intermediate relaxation time was also observed, consistent with a relaxation mechanism proposed by Mhetar and Archer. 14 Some theories predict that entangled circles adopt a tree structure resembling a randomly branched polymer, and it has been conjectured that they could diffuse by reptation with protruding finger-shaped loops that continually thrust forward and back, in an amoeba-like fashion. [15] [16] [17] [18] Several simulations of circular polymer melts find evidence for a lower degree of entanglement and higher threshold length for entanglement than for linear molecules. [19] [20] [21] [22] [23] Recently, Iyer et al. formulated a detailed dynamical theory for entangled circular polymers using concepts from the pom-pom model, previously used to describe branched polymers within a tube model framework. 24, 25 Within the pom-pom ring (PPR) framework of Iyer et al., an entangled circular polymer adopts a lattice-tree structure (akin to a randomly branched polymer but formed from loops) consisting of a primary/longest length ("trunk") and shorter, randomly positioned loops ("branches"). The longest time scale dynamics of such a structure is modeled as being governed by a reptationtype motion of the trunk (with predicted length ∼N 2/3 , where N is the length of polymer) with added friction from the smaller loop branches, which are unentangled and able to relax more quickly. 26 We note that these existing theories have all been aimed at describing melts. However, tube models for linear polymer melts have been successfully extended to analyze solutions of entangled polymers using "blob" theory, 1, 27, 28 in which each chain is divided into correlation blobs of length and the solution is modeled as a melt of chains with effective monomer size . It is possible that blob theory may also be applied to circular polymers.
According to D-E theory, the confining tube radius is given by a ) (24/5(N e /N)R G 2 ) 1/2 , where R G is the radius of gyration and N e the molecular length per entanglement. 2 A rigorous theoretical definition of N e , specified in terms of molecular properties, has proven elusive, so N e is usually an empirically determined quantity inferred from measurements of the bulk plateau modulus G N (0) of polymer solutions. On the other hand, efforts have recently been made to define and quantify entanglements directly through molecular dynamics simulations. [29] [30] [31] [32] [33] Zhou and Larson have recently used such an approach to directly calculate the tube confining potential by analyzing an ensemble of simulated molecular trajectories, 13 and our measurements on linear DNA compare favorably with some of their predictions. 12 According to the PPR model proposed by Iyer et al., the relative size of the tube radius for circular polymers compared with linear polymers depends on N as well as the ratio of the corresponding N e values for both topologies (i.e., N eC /N eL , where the C and L subscripts refer to the values for linear and circular polymers, respectively). 26 They derive the expression a C 2 /a L 2 ) (N eC /N eL )N 2ν-1 , where ν = 0.3 is the static scaling exponent predicted for semiflexible polymers such as DNA. 21 N eC /N eL has not been predicted theoretically, so Iyer et al. assume a value of N eC /N eL = 5, deduced from rheological measurements on polystyrene melts. 5 According to D-E theory, for linear DNA the tube radius is predicted to be a ) (24/5(N e /N)R G 2 ) 1/2 = 0.5 µm, using measured values of R G and G N (0) . 12,34-37 Thus, for circular DNA the theory of Iyer et al. predicts a C = 0.7a L = 0.3 µm. As will be described below, this prediction compares favorably with our measurements.
Materials and Methods
The details of our experiment are essentially the same as in our previous study, 12 except that a solution of relaxed circular DNA was probed instead of linear DNA. The probe molecule was a 25.3 kbp DNA (8.4 µm) construct prepared and labeled with biotin on one end and digoxygenin (DIG) on the other using PCR as described previously. 38 The probe was suspended in a 1 mg/mL solution of 115 kbp DNA molecules and tethered by attaching the biotin end to an optically trapped streptavidin microsphere and the DIG end to an optically trapped anti-DIG coated microsphere, as described previously. 38 The tethered probe was stretched with a tension of 10 pN. The 115 kbp (38 µm) molecules were prepared by cloning in E. coli. 39 These molecules were treated with topoisomerase I to produce torsionally relaxed, non-interlinked circles. 34 Displacements were made by moving the sample chamber with a piezoelectric nanopositioning stage, and the induced force along the axis of displacement was measured by recording the deflection of the trapping laser, as described previously. 12, 40 A laser power of 150 mW was used in each trap, which causes minimal local heating, from ∼22°C ambient temperature to ∼27°C. This increase is minor in that it does not cause any structural changes in the DNA (since it is only expected to melt at a much higher temperature of ∼90°C ), and it changes the thermal energy kT (where T is in kelvin) by only 1.6%. Previously, to obtain a confining force per unit length, independent of the arbitrary probe length, we normalized the total induced force by the number of correlation blobs spanned by the probe molecule (L/ ) 8.4 µm/52 nm ) 162). 12 In order to directly compare our findings for circular DNA to those of linear DNA, we chose to normalize the data for circular DNA by the same quantity.
Results and Discussion
Transverse displacements were imposed at rates of 0.10, 0.52, 13, 25, and 65 µm/s, as in our previous study with linear DNA. 12 The results with circular and linear DNA are compared in Figure  2 . For small displacements (∆y < 0.4 µm), the forces were approximately the same for both topological cases and increased linearly with displacement for the higher displacement rates (13-65 µm/s) . The induced force was rate-dependent, as discussed previously. 12 A Hookean response was observed with the linear DNA for displacements up to ∼1.5 µm, but the response with circular DNA deviated from linearity and was better described by a more slowly rising function of the form F ) R(1 -e -∆y ), where R and are rate-dependent constants.
By integrating the force versus displacement data we can determine the potential per unit length [U(y)] confining transverse displacements (Figure 2 ). We can then use the approach described by Zhou and Larson to determine the relative probability [P(y)] that a chain segment thermally fluctuates a certain transverse distance y from the primitive path via the relationship P(y) ) e -U(y)/kT ( Figure 2) . 13 We can then define a characteristic confining distance corresponding to the displacement where U = 1 kT (i.e., P(y) = 1/e), as discussed previously. 12 For the three fastest displacement rates, the confining distance was nearly the same for both topologies. However, for 0.5 µm/s, the characteristic confining distance was twice as large for the circular DNA, and at the slowest rate (0.1 µm/s) there was negligible confinement with circular DNA, in contrast to the case with linear DNA. Thus, we have shown that tube confinements are less persistent on long time scales with circular DNA than with linear DNA.
As discussed previously, 12 when comparing our results with the predicted tube radius in the D-E model, one should probe the tube on a time scale close to the predicted thermal equilibration time τ e ) a 4 /(24D G R G 2 ). 2 Using the value of a predicted by D-E theory, we calculate τ eL = 20 ms for linear DNA, and using the prediction of Iyer et al. (a C = 0.7a L ), we calculate τ eC = 2.1 ms for circular DNA. Thus, in our previous measurements with linear DNA, we displaced the probe at V thL ) a L /(τ eL = 20 ms) = 25 µm/s, as well as testing lower and higher rates (0.10-65 µm/s). Here, we made measurements at the same rates with circular DNA so as to directly compare the two cases. However, according to the calculation above, the appropriate displacement rate for circular DNA for probing the tube on the thermal equilibration time would be different, V thC ) a C /(τ eC = 2.1 ms) = 78 µm/s. If we extrapolate our 13-65 µm/s force data to 78 µm/s, we find a C = 0.6 µm = 0.75a L , which is very close to the prediction of Iyer et al. of a C = 0.7a L .
While the small displacement data was similar for both topologies, in the circular case the force rose much more slowly with displacement for large displacements (Figure 3) . The maximum force reached with circular DNA was ∼2-10-fold smaller than that with linear DNA, depending on the rate of displacement. A decrease in dF/dy for ∆y > 1 µm was also apparent with circular DNA for all displacements rates ( Figure  2 ). With linear DNA we observed a decrease in dF/dy at a displacement of ∼5-10 µm, which is similar to the predicted primitive path length of the entangled linear DNA (L 0L = (N/ N eL )a L = 9 µm), 2 and we attributed this decrease to displacement-induced slippage of some of the entanglements off the probe 12 ( Figure 3 ). Our present results with circular DNA are also consistent with this interpretation, because we see an earlier decrease in dF/dy at ∼1-2 µm, and the predicted primitive path length for circular DNA is L 0C = 2 µm. Such behavior observed in the large-displacement regime may be related to the phenomenon of convective constraint release, predicted by certain theories to be important in understanding the nonlinear response of polymeric liquids. 35, [41] [42] [43] [44] With linear DNA we also observed a subsequent increase in dF/dy for the 13 µm/s rate, which may be due to the probe encountering new entanglements. No such feature was observed with the circular DNA, again suggesting that entanglements tend to more easily slip off the probe as it is displaced. On the basis of our findings, we would expect convective constraint release to occur more readily with circular polymers than with linear polymers.
Further information came from the measured force relaxation following the imposed displacements (Figures 4 and 5) . These measurements probe the relaxation of the distorted molecules surrounding the probe molecule. In our previous studies with linear DNA, we found three distinct exponential decay times, as mentioned in the Introduction. 12 Here, with circular DNA we found that the relaxations following a small displacement (∆y)2.6 µm) were well fit by the sum of just two decaying exponentials, with similar time constants for both large and small displacements and the different displacement rates. The relaxations following a large displacement (∆y ) 15.5 µm) (with the exception of the slowest, 0.1 µm/s dataset) also revealed a third, longer relaxation time. To accurately determine the relaxation times, we fit the averaged data to a discrete sum of three decaying exponentials, finding τ 1C ) 0. Figure 2 . The solid lines are fits to sums of two or three decaying exponentials. The linear DNA data is from our previous study. 12 topological cases, τ 3 is much shorter for the circular molecules, and this mode was only observed with large displacements.
According to D-E theory, the shortest relaxation time for an entangled polymer is the Rouse time 2 τ R ) 6R G 2 /3π 2 D G , which is the time scale on which a deformed polymer elastically relaxes back to L 0 . Using the values of D G and R G determined previously, [34] [35] [36] we calculate τ RC = 0.14 s and τ RL = 0.6 s, for the circular and linear cases, respectively. These values are close to the measured values. The longest predicted relaxation time in D-E theory is the disengagement time τ D ) (18R G 2 /a 2 )τ R , on which a polymer is predicted to reptate out of its deformed tube. For linear DNA, we calculate τ DL = 40 s, in agreement with our measured value of τ 3L ) 34 ( 5.8 s. In the case of circular DNA, Iyer et al. 26 
Because the mechanism of reptation is usually discussed in the context of linear polymers, we emphasize here, as mentioned in the Introduction, that reptation of a circular polymer in the PPR framework refers to the reptation of the tree trunk structure, slowed by the frictional constraints of the protruding loops. Because the length of the trunk (∼N 2/3 ) is much shorter than a linear polymer of length N, it follows that the time for a circular polymer to reptate out of its tube is predicted to be much shorter than that for the linear case.
Following a 2.6 µm displacement (∼4 times the characteristic confining length), we observed two relaxation times. The first (0.3 s) is consistent with Rouse relaxation and the second relaxation (4 s) is an order of magnitude longer than the Rouse time. The observation of a transverse confining field that persists on a time scale much longer than the Rouse time is qualitatively consistent with reptation theory, which predicts that tube-like confinement would lead to two distinct relaxation time scales. However, the agreement with reptation theory is not quantitative, since Iyer et al. predict a disengagement time of 8 s, which is a factor of 2 longer than the relaxation time we measure. The reason for this difference is unclear; however, a model proposed by Mhetar and Archer in modeling the response of entangled polymeric fluids to nonlinear step strains may provide one possible explanation. 14 This model predicts that stress can be partially relaxed by reptation occurring on an intermediate time scale. The tube diameter is proposed to shrink during displacement as its length is increased, prohibiting complete relaxation of chain extension to L 0 in time τ R . An additional relaxation mode with decay time between τ R and τ D is associated with the relaxation of the residual stretch as the tube expands back to its equilibrium diameter. Reptation out of the deformed tube occurs on this time scale as well; however, complete disengagement from the initial tube is still proposed to occur only after a time τ D . As we discussed previously, 12 evidence for a similar relaxation time has also been reported in nonlinear step shear experiments with linear polystyrene solutions 45, 46 and in flow deformation studies of linear DNA. 35 While the nature of the deformation of the entangled polymers was different in the previous flow experiments than in our experiment, it is possible that this model may still be applied to the present case, since in both cases entangled polymers are deformed and allowed to relax.
The longer relaxation time scale of ∼11 s observed following the larger displacement is in closer agreement with the predicted disengagement time of 8 s. The measured ratio τ 3C /τ 3L = 0.3 for circular vs linear polymers is also close to the predicted ratio of 0.2 for the disengagement times. It is not clear why this longer relaxation time only occurs following larger displacements, but within the context of the Mhetar-Archer model, we can speculate that reptation occurring on an intermediate time scale may be sufficient for circular polymers to completely disengage from their deformed tubes following small (but not large) deformations. That a relaxation time corresponding to the disengagement time occurs with linear DNA for small displacements may be connected with the finding of larger confining forces for linear DNA (g2 times larger than with circular DNA at 2.6 µm). Perhaps a weaker, less persistent confining field leads to less deformation, and reduces the time needed for the polymer to reptate into an equilibrium tube configuration.
At long times approaching τ D , we expect the tube-like constraints to weaken and eventually disappear. Indeed, at the lowest displacement rate (0.1 µm/s), we found negligible forces resisting transverse displacement of the probe molecule. That this displacement rate corresponds to ∼10a L /τ DL for the linear case but only ∼2a C /τ DC for the circular case is consistent with our finding of a much lower confining force with circular DNA at this lowest displacement rate. 
